This work investigates a kind of metallic magnetic cavity based on slit-hole resonators. Two orthogonal hybrid magnetic resonance modes of the cavity with a large spatial overlap are predesigned at the wavelengths of 980 and 1550 nm. The Yb:Er codoped material serving as a gain medium is set in the cavity; this enables the resonator to have a high optical activity. The numerical result shows that the strong lasing at 1550 nm may be achieved when the cavity array is pumped at 980 nm. This double resonance nanolaser array has potential applications in future optical devices and quantum information techniques. © 2010 Optical Society of America OCIS codes: 140.3460, 160.3918. Recently, researchers have reported the observation of the stimulated amplification of surface plasmon polaritons (SPPs) at different frequencies [1] [2] [3] [4] [5] [6] [7] [8] [9] . These remarkable observations provide a compelling starting point for the applications of the SPP in optoelectronics integration. Analogous to the SPP, the split-ring resonator (SRR), combined with semiconductor materials or quantum-dot-doped dielectrics, is also proposed as an efficient way to produce nanolasers [10, 11] . In our recent work, we have proposed and theoretically analyzed a magnetic resonance nanosandwich nanolaser [12] . This structure is for illustration purposes only, because the spatial overlap between the pumping (higher-order mode) and the lasing (lower-order mode) modes is small. The other drawback lies in the difficulty to fabricate it; it is simply difficult to create it in experiments.
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We then propose what we believe to be a new kind of magnetic resonators, which are slit-hole resonators (SHRs) [13] . Compared with the SRR, the SHR is more easily fabricated in nanoscale. In this work, we propose a new kind of nanolaser based on orthogonal coupled slit-hole resonator (CSHR) structures. The CSHRs are carefully designed to provide two magnetic resonance modes (980 and 1550 nm) with a large spatial overlap. Combined with the ytterbiumerbium codoped gain material, this structure can have resonance not only at the lasing wavelength (1550 nm) but also at the pumping wavelength (980 nm [14, 15] . We selected the Er: Yb: YCa 4 O͑BO 3 ͒ 3 (Er:Yb:YCOB) crystal [16] as the gain medium for our principal demonstration. Figure 1 shows our designed CSHR structure arrays, which are based on the designing idea proposed in [13] . Figure 1 and fitted to the experimental data in the 950-1800 nm wavelength range are 1.0, 1.38ϫ 10 16 rad/ s, and 33 fs, respectively. (8) The refractive indices of Er:Yb:YCOB and the SiO 2 substrate in the 950-1800 nm wavelength range, measured through an ellipse spectrometer, are 1.35 and 1.5, respectively.
Based on the theory of Pendry et al. [17] , the drilled hole at high frequency can be regarded as an effective inductance, while the slit can be considered as an effective capacitance. Therefore, the structure shown in Fig. 1(b) can be seen as an equivalent inductance-capacitance ͑LC͒ circuit. When magnetic resonance occurs, the electromagnetic energy is mainly stored in the capacitor (i.e., the slit), and thus the structure can be considered as a cavity of the confining light. According to the geometric symmetry in the CSHR design, we can expect this structure to possess two magnetic plasmon resonance modes with symmetry and asymmetry. We were also able to predict that the two modes would have a large spatial overlap between their electric fields. This is considered as a key to and beneficial to lasing. We used the parallel finite-difference time-domain (FDTD) method with a perfectly matched layer boundary condition for the calculation of the magnetic resonance to examine the exact mode characters. We placed a pulsed dipole source (power far below threshold) in the asymmetry position to excite the SHR structure and record the fields at the monitor points positioned in different locations in the structure. We obtained the resonant frequency by using the fast Fourier transform (FFT) of the electric field at the monitor points. Afterward, the field was initialized by a dipole oscillation source with the angle frequency equivalent to the resonant frequency. A resonance mode was formed and its mode distribution was obtained in the simulations, while the local fields decayed over time. After the mode was formed, we switched off the dipole oscillation (t 0 is the switch-off time) and calculated the electromagnetic energy U (neglecting the field in silver films) as a function of time t. Q ͑Q = ͓−͑t − t 0 ͔͒ /ln͓U͑t͒ / U͑t 0 ͔͒͒ was calculated from the slope of the logarithmic energy-time relation. The effective mode volume V eff ͑V eff = ͓͐͑r͉͒E͑r͉͒ 2 d 3 r͔ / max͓͑r͉͒E͑r͉͒ 2 ͔͒ was obtained [2, 18] based on the ratio of total electric-field energy to the maximum value of electric-field energy density in the structure. The Purcell factor was derived by using
, where n and are the refractive index of the gain material and the wavelength in vacuum, respectively. Figures 2(b) and 2(c) show that the electric fields of two resonance modes are both focused inside the two slits. This means that the two modes have a very large spatial overlap, which is very important in producing high laser output efficiency. As the 980 and 1550 nm wavelengths are, respectively, close to the absorption and emission peaks of the gain material Er:Yb:YCOB, we can select a mode (980 nm) as the pumping mode and another as the lasing mode (1550 nm). Figure 3 shows the energy level diagram for the Er:Yb codoped system. The operation principle of the CSHR laser is as follows. When pumping light (980 nm) with s polarization ͑E ៝ ʈ −x + ẑ͒ is applied on the structure [see Fig. 1(a) ], the asymmetry magnetic resonance is excited, which results in the light energy being strongly coupled into the two slits [see Fig. 2(c)] . Afterward, the pumping light is absorbed by Yb 3+ ions (associated with the 2 F 7/2 → 2 F 5/2 transition, see Fig. 3 ). The excitation is transferred to the Er 3+ ions from the 2 F 5/2 ͑Yb 3+ ͒ level based on the reso- Fig. 3(b) ]. Each unit of the array structure at the far field can be considered as a lasing source. The radiation of waves from these lasing source arrays superposes in free space. The superposition produces an emitting beam. The polarization of the emitting beam is determined by the characteristic of the symmetry magnetic resonance [ Fig. 2(a) ] and is p polarized ͑E ៝ ʈ x + ẑ͒ [see Fig. 1(a) ].
We used a set of rate equations to model the operation of the laser to predict the lasing condition. The set of rate equations taking into account spatial distributions of two modes has been clearly described in our previous work [12] . Therefore, we no longer provide the detailed equations and material parameters used in the calculation. Using the FDTD method, we calculated and obtained the quality factor and the effective mode volume of the pumping and lasing modes, which are 15, 0.03͑ / n͒ 3 and 20, 0.005͑ / n͒ 3 , respectively. The Purcell factor of the pumping mode is 40. Using these mode parameters in the equations and assuming the total photon number of the lasing mode in the cavity to be 1 and the pumping rate to be high enough, we then derived 3 . Therefore, the CSHR structure combined with the Er:Yb:YCOB gain materials can theoretically realize lasing. The proposed nanolaser can be easily extrapolated using other gain materials such as the quantum-well or quantum-dot material system (e.g., InGaAsP-InP), whose gain is much larger than the Er:Yb:YCOB used in this Letter.
In summary, we have proposed a new kind of metallic nanolaser based on CSHRs. Two hybrid magnetic plasmon resonance modes are formed in this structure owing to the strong coupling effect. Both the pump light and the lasing wave can resonate simultaneously and have a very large spatial overlap by carefully devising the parameters. This results in a high pumping efficiency and a complete polarization conversion between the pump light and the lasing output beam.
